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ABSTRACT

Phasc locking of a high power pulsed gyrotron oscillator thh ough the use of a quasi-optical circulator was
investigated. A sccond harmonic gyrotron which features a nod tom} slex cavity, operating at 34.5 Gllz, was
used in the experiment.  The quasi-optical circulator consisted of a 5.75” dismeter ferrite disk biased with a
one kilogauss permancnt magnet. A polarizing grid was used to separate theinputand output signals in the
circulator. In order to couple the gyrotron oscillator output efficiently to the q[la,si-optics] system, a number of
mode converters, T os-THo2, TEpe-TEqe, T1y,-TMi;, and T™;; - HE; 1, were required. The insertion loss of the
circulator and 1110(1¢c converter chain was approximately 1dB, and an isolation exceeding 25 dB was achieved. In
addition, a low power WR28 waveguide isolator yag inserted in the injection signal path, providing an additional
35 d13 of isolation, for a total isolation of GO d13. I'he injection: signal was | novided by a synthesized signal
generat or and al (K) Watt travelling wave tube amplifier. A sample of the gvrot1 on out put signal was obtained
through an additional hornand mixed with a sample of the injection signal, producing a difference signal, The
injection signal was swept slowly through aknown frequency range while: the difference signal was recorded. The
recorded signals were analyzed off-line, and the locking bandwidth was determined. Experiments were performed
for injection powers from 0-60 Watts, and a gyrot ron out put pow er of a) »proxirnately 80-1 ()() kW. Phasc locking
was observed for all 1l0]l-zero injection powers.

1 INTRODUCTION

The benefits of high power millimeter wave radiation for use in coninunicat ion and radar systems arc well
known. Recently a frequency allocation near 35 GHz has been wade for deep space communicat ions, including




bands for both spacccraft uplink and downlink. Traditionally these bauds have also been used for planctary
radar, and for radio science experiments with deep space probes. For many radar and radio science experiments
high power uplink signals, on the order of hundreds of kilowatt= CW , arcattr act ive. Presently no amplifiers arc
available for producing such uplink power levels at 35 GHz.  *J hrere are however gyrotron oscillators producing
up to 200 kW CW at 28,35, and 60 GHz. These oscillators, developed primarily for XCRH heating of plasinas
in fusion reactors, have not scen widespread application outside this ficld. One primary reason is that they are
indeed oscillators, incoherent sources of radiation. Radar systcms, par ticularly those used for planctary radar
long term stability due to the large round trip light times involved, several hours for a radar study of Saturn’s
rings, for example.

Inview of the lack of amplificrs available at 35 Gz, and the availability of gyrotrons, a study was undertaken
to determine whether aninjection locked gyrotron oscillator could meet the performance requirements of aradar
syst em or a radio science experiment. Of primary concern is the available bandwidth over which the  oscillator
canbe locked. Planctary radar systems require approximately 10-20 MHz of bandwidth while some radio science
experiments arc run essentially CW, but requiring very high long term stability. For such applications it appears
that an injection locked gyrotron is a viable source.

Next the technical problem of designing a system capable of inject ion locking a gyrotron was considered.
Previous work in this area employed conventional wavegu ide circul ators, and was suflicient to demonstrate locking?
in a pulsed systeni. Such a system is not scalable to 200 kW CW | however, Practical problems include cooling
the circulator, anddecaling with the fact that gyrotrons cinit theh output power in highly overmoded waveguides
where conventional circulators cannot be employed. In order to ¢ir cuinvenit these problems a new approach, using
a quasi-optical circulator® 1o isolate the injection and output signals was considered. The quas i-optical circulator
can be scaled to very high power levels, a nd operates in free space as opposed to i na waveguide, thus climinating
the problems associated with cortventional circulators.

Inthis paper we describe a joint experiment between the Jet Pyopulsion Laborat ory (JPL) and the Institute for
Plasma Rescarch (IPR) at the University of Maryland in which a pulsed second harinonic gyrotron operating at 35
GHz was inject ion locked to a low power synthesized sow ce using « quasi-optical circulator. The circulator, mode
converters, beam waveguide system and instrumentation were provided by JI°L, while the gyrotronand theoretical
predictions were handled by TPR. The experiment demonstrates for the first time injection locking of a gyrotron
using a quasi-optical circulator, and is also the first reported injection locking of a second harmonic gyrotron
by any means. The following sections Will describe the experiment a configuration, giving details regarding cach
component, the theory governing t he experiment, and the experiinental results.

2 EXPERIMENTAL CONFIGURATION

The experimental configuration depicted in block diagramn forn in Figure 1. .4 low power signal is amplified
and fed through a conventional isolator and quasi-optical circulator into the gyvrotron. Samples of the: injection
signal and high power output signal are compared using a mixer and examined for phase locking behavior.

The physical layout of the experiment is showninFigure 2, T'he injection signal is launched into the beam
wavegiide system using a conventional horn. It is focused by an ellipsoid, and polarized in such a divection as to
reficet off a polarizing grid. "T'he signal then passes through tile Faraday rot ator where it undergoces 45 degrees of
polarization rotation. It is then focussed into the end of the mode converter chain connected to the gyrotron. The
injection signal then enters the gyrotron cavity and phase locks the high power signal emitted by the gyrotron.
This high power output signal then passes back out the mode converter chain and through the Faraday rotator
where it undergoes an additional 45 degrees of polarization rotation. At this point the high power signal is
polarized a 90 degrees to the injection signal, and hence it passes t hrough the polavizing grid. 'The quasi-optical
circulator achicved 256 dB of isolation from 34 to 35 GHz. The messured insertion loss for the b cain waveguide



system including spillover loss, horn loss, mode converter loss, 1 eflect ion and t 1 ansmission 10ss in the Faraday
rotator, andaligmnent 10sS was approximately 1 d]].
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Figure 1. Experimental block diagram.
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Figure 2: Ixperiinental confipuration.




2.1  Gyrotron

The gyrotron used for this experiment is a GY-32 sccond harmaonic gyrotron® eiploys a unique complex cavity
which provides high output mode purity, and stable, efficient harmonic operat ion. Thie gyrotron’s operating
paramecters for this experiment arc shownin Table1

[ Parameter 7| Value
‘Harmouic Number | 2
| L3cam Voltage | 42-45 kV
| L3camCurrent |8 A
| Trequency | 34.52 Gz

| Output Power | 80-100 kW -
Repetition Rate | 43102

¥] ’;11 Ise Y\ﬁdth ) 7 s
Output Mode | Ty,

Table 1. GY-32 opcrating parameters

2 .2 Mode Converters

As can be seen from Table 1, the GY-32 emits its radiation in the Tl mode. If the power is to injected into
the beam waveguide system as shown in Figure 2, it, must be in the form of a Gaussian beam. Transformation of
the Ty mode into @ Gaussian beam iS achieved through the usc of severa 1modce converters. 1)ucto geometrical
and mechanical considerations a mode converter system similar to that considered by Doane, ® was employed.

The 1.970 inch diameter output waveguide of the gyrotron was nonlincarly tapered to 1.400 inches, where a
4 ripple THos-TFo2 mode! converter was inserted. A further taper to 1.00 inches indiameter was included and
followed by a4 ripple TFo-TE o mode converter. The conversion efficiency of these de~'ices cach exceeded 96
percent. The guide was then bent through an angle of 54.5 degrees over an arc length of 20.() inches converting
the Tq Jalc)clcte)tlic’ I hi,mode. Since the bend used a sinusoidal curvat ure dist ribution rather than a constant
radius of curvature an efliciency of 99.9 percent was achieved. Finally a corrugated 'I'M;;-HE;; mode converter
and horn assembly was used Lo generate a Gauss ian beamn with t he correct waist size to couple into the beam
waveguide system.9 The measured radiation pattern a, the output of the mode converter chain is shown in Figure

3. Excellent symmetry, low sidelobes, and negligible cross polarization were obscrved.

2 . 3 Locking Sourcce

Thelocking signal was provided by a Wiltron 67401-1 synthesized signal generator and a 100" Watt travelling
wave tube amplifier. Although both components are capable of operating CW, thev were pulsed for this particular
experiment. The synthesizer was triggered to step across a specified frequency range automatically at the start
of cachexperiment.

2.4 Waveguide Isolator

In order to provide additional isolation beyvond that of t he qua si-optical ¢ii culator a conventional low power
waveguide (WR2R) isolator was included in the injection signal path. It provided an additional 35 d13 of isolation
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Figure 3: Radiation pattern at the output of the TMyy-HEqy mode converter.

throughout, the frequency range of the experiment.

2 .5 Bcam Waveguide Systcem

The injection signal and high power gyrotron signal are launched into a beam waveguide systemn  consisting
of two cllipsoids and a number of flat mirrors. The ellipsoids arc designed for a 60 degree angle between the
incident and reflected heams, The mirrors, injection horn, and gy otron niode converters are designed to keep the
spillover loss past, the two ellipsoids under 2%. One focal length of each elli psoid is 24 inches and this focal point
is located at cither the phase center of the injection horn or the TM;i,-H Ey; mode converter. The second focal
length is 48 inches, and this focal point is located in the center of the quasi-ojitical circulator for both ellipsoids.
Thus the two cllipsoids focus the gyrotron output signal andthe injection signal to the same point in the center
of the ferrite disk/magnet combination.

2,6 Polarizing Grid

The injection signal is polarized so that it reflects off’ a polarizing grid after being focused by the ellipsoid.
The grid was fabricated by printing ().[)()615 inch copper strips oi10.0123 inch centerson a (),189 inch thick disk
of fuzed quartz. Signals polarized perpendicular to the strips pass through t he gyid wit h negligible reflection. It
should be noted that no arcing was observed in the grid for signals levels up to at least 80 kW peak.



2.7 Faraday Rotator

"The Faraday rotation part of the circulator consists of a 5.75 inch diamncter disk of ferrite material, TransTech
G-4259, bhiascd witha 1 kilogauss NDI'E permanent magnet. 1'he thickness of the disk was chosen to be 0.344
inches, producing 45 degrees of Faraday rotation as the microwave beain as it passes through the disk. Jfused
quartzmatching layers of thickness ().(0425 inches were employed on each side of the ferrite disk inorder to mateh
1o free-space,

2.8 Instrumentation

A sample of the gyrotron out put power was obtained through a simall hor nnear the free space load. This
signal entered the test port of a mixer, and was mixed with the injection signal. At thce mmixer output port the
instantancous phase diflerence between the test and reference signals is t hus obt ained. This signal is fed into a
LeCroy 93141, 1 ()() Ms/sdigitizing scope, and the scope data was inturn extracted by a tom] »uter and stored for
later analysis.

3 THEORY

Inthis section a short summary of the theory governing this experiment is given. A detailed derivation of the
equations and a discussion of the effect of beam voltage stability may be foundin Gou ctal.”

3.1 Adler’s Equation

The locking effects to be measured by this experiment are deseribed by Adler's equation,’

2f0 D
A= 7St (1)

Here 17, is the injection power which took on values of 0, 6. 15. 30. and 60 Watts for the exveriments
performed. %, is the gyrotron output power which is assumed to be 100 kW. The nominal frequency of the
gyrotron, fo, is 34.62 GHz, and Ay is the full locking, bandwidth. Finally, Qistheexternal quality factor of the
gyrotron cavity, and isasswned to be 2500.”

A simple formulaalso exists for the phase difference between the injection and output signals over the locking
bandwidth,

A(f) = arcsin (g(jzx:]»f“)> )

This forimula indicat es that t he locking phase rotates from -90 degrees to -1 90 degrees as f swings through the
full Jock bandwidth, Ay /2 <(f - fo) £ Ay/2. Siuce no effort was made to match the lengths of the injection
sample and output sammple waveguides the observed phase difference should begin al some arbitrary value when
locking is first achicved and then t raverse 180 degrees as the frequenicy of the injection signal is swept through the
full locking bandwidth. This relat jonship will be import ant in demonstrating that phase Jocking was accomplished



during the experiments.

3.2 Theoretical Waveforms

The lock range is determined by sweeping the synthesizer frequency, j,, across thie nominal operating frequency
of the gyrot ron, fo, and viewing the difference frequency, A f, from the mixer. Fhe mixer voltage swings bet ween
4V volts and . v volts as {l)¢ phasce difference between the test and reference signals swings between 0 and 180
degrees, and the mixer output is () volts when the signals are in phase quadrat ure, 90 degrees apart. The average
value of {he phase d ifference between the reference and test signals over @ given pulse is estimated by computing
the average of a set of saniples taken from the center portion of the difference pulse.

When t he difference frequency is large, many cycles appeatacr 0ss the pulse and t he aVera ge volt age is zero.
When the two input frequencies to the mixer are close enough so that no significant portion of a cycle appcars
across the pulse a finite average voltage between -V and - V 18 found for that particular pulse. If ‘the injection
signal is so closeto thegyrotron frequency that the difference is not resolvable over the ] sulse length, but the
gyrotron is not phase locked with the injection signal we would exprect uncorrelat ed phase (average pulse voltage)
frompulseto )111s(. When the gyrotyon is injection locked we expect the phiase to ramp t hrough a 1 80 degree
range as the locking bandwidth is traversed.

Anexample of the expected average voltage results over the thiree regions, (high frequency beat note, uncor-
related phase differenc o) and phase locked), is shownin Figure 4.In addition to the average phase of the pulse,
the standard deviation of the mixer voltage (pulse phase) is also included on the plot. This statistic is also of ad
in determining the lock range. When many cycles appear across the pulse the standard deviation is high, it is
low under locked conditions, regardless of the phase of the pulsc.
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4 EXPERIMENTAL RESUIL] ‘S

in al, 16 scparate experiments were performed, 2 cont rol exper iments with the injection horn tenninated, 8 at
full power (60 Watts), and two at each of threw reduced power levels, (30, 15, and 6 Watts). For each experiment
250 pulses were captured near the center of the lockrange for later analysis. T'hesynthesizer Was swept across a
10 MHz range in 60 seconds, and the pulse repetition frequency was 43 Hy, corresponding to a frequency step of
3.87G kHz per pulse. The pulse waveforms were sampled at a rate of 10 samples penmicrosecond, and the eflective
pulse width was 4 microscconds. In some instances the 250 pulses did not straddle t he locking bandwidth and no
uscful results were obtained from those expreriments.

Iigure 5 plots the average voltage, (phase) using a solid line over cach of the 250 p ulses for a control experiment
where the injection horn was terminated. As expected, near the beginning and ending of the data the difference
frequency islarge enough to produce a least a complete cycle acres: the pulse anidzero average voltage is obt ained.
Bet ween pulses 50 and 100 the difference frequency is small and only the random pulse to pulse phase jitter of
the gyrotron is scen. No pulse to pulse correlation is observed ara the average voltage fluctuat es wildly across
the entire allowable mixer range of 0.35t0 -(1.25 volts. Note the fact that these two voltages arc not symmetric,
indicating a non ideal mixer with some finite offset voltage . This plot is exactly whatone would expect for the
control experiment with no injection power. The standar d deviation of the voltage samples on cach pulse is also
plotted onthe figure, (dashed curve).
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Figure b: Measured phase diflerence for 0 Watts injected

Figure 6 plots the same it format ion for the case when the termination is 1 emoved and 60 Watts arc injected
into the gyrotron. Now a constant. phase progression covering t he full nixer 1 ange (180 degrees), is scen fromn
pulsenuiber50 w© 1 64, This 114 pulse interval then represents the locking bandwidth, which in this case b ecomes
441 kHz. It canalsobeobserved:hat at the high end of the lock range, ncarpulse number 160, there is a region
where int ermit tent locking occurs. This can be @ t ribut ed to the pulse to pulse, as well as the long term  stability




of t he gyrot roll frequency. Examination of the individual pulses in the locking 1 ange shows that the behaviour
predicted in Figure 4 is observed.
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Figure 7 plots t he mixer voltage for four representative pulses captured duriig t he experiment discussed above.
As can be scen from Figure 6 pulse number 3 is unlocked and more than a comnplete cycle of beat note is visible
across the pulse. Pulses 75, 120, and 140 represent locked pulses. I'hiey are relatively flat, with an average voltage
that is proportional to the phase difference between the injection aud output signals. As was noted earlier this
voltage varies from amaximum, pulse 75, through zero, approxim ately pulse 120, and to a minimum pulse 140,
as the lock range is traversed.

In al 12 of the experiiments produced useful results. These d ata arc tabulated below, along with theoretical
predictions from Adler’s equation, using an output power of 100 kW aud a Qof 2500.”

D, | 9/ Experiments | Measured Bandwidth | Theoretical Bandwidth
OWatts | 2 | 0klz | 0kllz
6Watts | 2| 230-310kHz | 220kHz
15 Watts | T | 810-330 kHz S 848 kHlz
30 Watts | 2 ] 7340-300 kx| 490 kiz
60 Watts | b 440-510 kHz 693 kllz

A's can be scen in the table there is rough agreement between the exprerimental values of locking bandwidth
and the theoretical predi ctions. Some of the disagreement may be due to modulator voltage ripple. It dots appcar
that the locking bandwidth is shrinking somewhat less rapidly than /7%, but further studics must be conducted
before a definitive statement can be made.
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5 DISCUSSION

This experiment has demonstrated the viability of injection locking a gyrotron oscillator to a low power Source
using a quasi-optical circulator. Unlike previous methods, this method is practical for CW operation at the 100-
200 kW level. In order to p roceed to CW operationthe quasi-optical circulator usedin this experiment must be

replaced with a reflect ive type,™ which may be efficiently cooled.

For practical applications such as t hose discussed in the introduction a gyrot ron with a lower Q and hence
larger locking bandwidth is desirable. One example is a Varian VGA 8003, with an estimated Q of 275. Using

Adler's equation, and an injection power of 1 kW at 34.5 GHz,and 200”1<11" out put power, & bandwidth of 18
MHz is achievable. This approaches the bandwidth required for planctary radar and radio science experiments.
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